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Abstract 
In this work, nanostructured Mg-Al-Nd alloys were successfully fabricated using 
mechanical alloying method. Phase structures of the milled powders and the extruded 
rods were examined using X-ray diffraction (XRD) and the microstructures were 
observed using a transmission electron microscope (TEM). The element distributions 
were also examined by an energy dispersive spectroscopy (EDS) system. The 
mechanical properties were estimated using tensile and impact tests. The fracture 
surfaces of the tensile and impact specimens were observed using a scanning electron 
microscope (SEM). The results showed that the grain size of the Mg-Al-Nd alloys 
could be reduced to below 100 nm after 20~30 hours milling. The effects of alloy 
composition and processing conditions on strength and ductility were analyzed. The 
possible mechanisms of plastic deformation in these alloys were also proposed. 
 
Keywords: Magnesium alloy, Mechanical alloying, Phase, Microstructure, Strength, 
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1. Introduction 
 
Magnesium alloys are attractive for applications in automobile, aerospace, 
communication and computer industry because of their very low density, high specific 
strength, good machineability and availability as compared to other structural 
materials. Mg has a low density of 1.74g/cm3, which is approximately 35% lighter 
than Al alloys and 65% lighter than Ti alloys. It also has a good conductivity and high 
damping capacity. However, the disadvantages of magnesium are low elastic modulus 
and limited toughness due to the few slip systems which are available in a hexagonal 
close-packed structure (Mordike and Ebert, 2001). It has been perceived that the 
mechanical properties of Mg alloys significantly depend on the grain size (Kubota et 
al, 1999). Recently, mechanical alloying has been widely used to produce nano-
crystalline magnesium alloys (Lu and Lai, 1995; Lu and Froyen, 1999; Lu et al, 
1998). Mechanical alloying or mechanical milling, usually carried out in an inert 
atmosphere in a ball mill, is an effective method to produce metallic powder in solid 
state. Two most important events involved in mechanical alloying are the repeated 
welding and fracturing of the powder mixture. Alloys with different combinations of 
elements have been successfully synthesized due to the uniqueness of the process 
being able to produce new materials from the bottom of the phase diagrams. As 
mechanical alloying technique is an easy and cheap way to produce large quantity of 
nanocrystalline materials or amorphous powders, it has induced a great deal of 
excitement and research interest. On the other hand, mechanical properties of Mg 
alloys can also be significantly improved by adding other elements. Generally, Mg-Al 
alloy is most widely used as Al can increase the strength of Mg alloys by solid 
solution and precipitation hardening. Currently, rare earth metals have been added 
into magnesium alloys to improve its mechanical properties. Nakashima et al (2000) 
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showed that Mg-Y-Nd alloy exhibited a high strength at room temperature and 
superplastic behaviour at high temperature (773K). The work of Lee et al (1998) 
showed that Nd could reduce grain size, increase micro-hardness and improve fracture 
toughness in squeeze-cast AZ91 magnesium alloys. However, very few investigations 
have been directed to the effect of rare earth elements on microstructure and 
mechanical property of  magnesium prepared by mechanical alloying. In this study, 
nanostructured Mg-Al-Nd alloys were produced via mechanical alloying. The phase 
structures and microstructures corresponding to various alloy composition and 
processing conditions were characterized. The mechanical properties were 
investigated via tensile and impact tests. 
 
2. Experimental procedure 
  
2.1 Materials fabrication 
Magnesium alloys are generally fabricated either by a casting process or by powder 
metallurgy. For the mechanical alloying process, elemental powders of Mg (particle 
size range: 0.06-0.3 mm, purity >98.55%), Al (particle size <50 mm, purity> 99.5%) 
and Nd as starting materials were weighed according to the nominal composition of 
Mg-5%Al-X%Nd (X=0.5, 1.0 and 5.0%). The powders were mixed and then 
mechanically milled in a Fritsch PM-5 planetary ball mill with a rotation speed of 250 
rpm. Stainless balls with 15 mm diameter were used with ball to powder ratio of 20:1. 
To prevent the mixture from contamination, the vial was sealed and filled with pure 
argon (Ar) to about 2 bar pressure. To avoid agglomeration and adhesion of the 
powder onto the vial and the balls, 3-4% stearic acid as a process control agent (PCA) 
was added into the mixture. The mechanical alloying was carried out for different 
durations of 0, 20 and 30 h. Then, the powder was collected in a glove box filled with 
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inert gas (Ar) and directly loaded into a die for cold compression. The cold compacts 
were then sintered at 400 oC or 500oC for 2 h followed by extrusion at 400oC at an 
extrusion ratio of 25:1. The alloys generated can be classified into three groups by the 
content of Nd, i.e., group A (0.5%), B (1.0%) and C (5.0%). For simplicity, the 
samples were named in terms of Nd content, milling duration and sintering 
temperature. For example, A20-400 stands for a sample with 0.5% Nd sintered at 
400oC after 20 h milling. 
 
2.2 Phase and microstructure analysis 
 
Phase structures of the milled powders and the extruded rods were examined using an 
X-ray diffraction (XRD) machine with Cu Kα1 radiation at 30 kV and 20 mA. Due to 
the extremely fine grain size, the microstructures of the alloys were observed using a 
transmission electron microscope (TEM). The element distributions were examined 
by an energy dispersive spectroscopy (EDS) system. The average grain size was 
evaluated using image analysis software. 
  
2.3 Mechanical testing 
Tensile specimens were machined from the extruded rods to 5 mm diameter and 30 
mm gauge length based on the ASTM E 8M-96. During the tensile test, a 25 mm 
extensometer was used to record the deformation. The tensile test was carried out in 
an Instron machine with a crosshead speed of 1.0mm/min. The impact test was carried 
out using the specially designed small notched specimens, as shown in Fig. 1. The 
fracture surfaces of the tensile and the impact specimens were observed using a 
scanning electron microscope (SEM). 
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3. Results and discussion 
 
 
3.1 Phase structures 
 
The XRD diffraction spectra of mechanically alloyed powders (group C) are shown in 
Fig. 2. As shown in Fig. 2 (a), two new phases of Al12Mg17 and MgNd can be clearly 
identified after 20 h of mechanical alloying. A peak at about 56.2° is close to Mg12Nd 
but is unable to confirm. Further milling leads to a peak broadening of the diffraction 
peaks without any appreciated change of phase structure. Fig. 3 shows the XRD 
diffraction patterns of the samples after sintering and extrusion (group C), which is 
different from the patterns in Fig. 2. For the unmilled specimen, only one Al12Mg17 
(330) peak can be seen from Fig. 3 (a). Rests of the peaks are from Mg. No Al12M17 
was detected in the samples of groups A and B. Based on the binary phase diagram of 
Mg-Al, the maximum solid solution of Al in Mg at room temperature is about 1.3% 
and Al12Mg17 can be formed if there is a high concentration of Al. After mechanical 
alloying and sintering there is no trace of Al12Mg17, as shown in Fig. 3 (b) and (c). The 
Al12Mg17 formed after milling was in nanosize range and the quantity was very small 
so that X-ray diffraction was unable to detect it. Another reason may be the high 
sintering temperature (400oC and 500oC) that can result in decomposition of 
Al12Mg17. In Fig. 3 (b) and (c), a new phase of Mg12Nd appears at the cost of MgNd. 
At the same time, a broad hump peaked at 43.06° can be observed in Fig. 3 (b) and 
(c), which is close to the strongest diffraction peak of MgAl2O4 (orthorhombic). For 
the group C, the average grain size of the powders after 20 and 30 h mechanical 
milling was about 23 nm and 18 nm, respectively. Therefore, mechanical alloying can 
obviously reduce the grain size. 
 
3.2 Microstructures 
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Fig. 4 shows a bright field TEM image for the microstructure of C0-400 (without 
milling). The grain size of the cellular structure of α-Mg is about 4~5 μm. It can be 
seen in Fig. 4 that there are some black clusters with 1-2 μm in size consisting of fine 
dispersoids. Considering the phase structures of C0-400 (Fig. 3 (a)), the discontinuous 
dispersoids in dark color could be Al12Mg17. Fig. 5 shows the typical microstructure 
of A30-500, B30-500 and C30-500. The morphology of the precipitates was plate-
like. The EDS analysis on the secondary phases in Fig. 5 (c) indicates that Nd is rich 
in these regions than the α-Mg grain, as shown in Fig. 6. According to the Mg-Nd 
phase diagram and the Mg content in the alloys, the possible compound is Mg12Nd 
and MgNd. This is consistent with the XRD analysis shown in Fig. 3. Park et al 
(1995) showed that in Mg-Al-Nd system the secondary phases could be complex 
compound of Mg-Nd and Al-Nd, such as Al2Nd, Al3Nd, Mg2Nd, Mg3Nd and Mg12Nd. 
The grain size of the C30-500 varies in the range of 90~150 nm, which is much 
smaller than the grain size of an unmilled sample (4~5 μm) but larger than the grain 
size of the powders after 20 and 30 h milling (18~23 nm). Therefore, high 
temperature sintering and followed extrusion led to an increase of grain size. The 
average grain size of the A30-500 and B30-500 is about 320 and 250 nm, 
respectively. Therefore, grain refinement occurred with increasing Nd content from 
0.5% to 5%. It was reported by Lee et al (1998) that Nd could significantly reduce the 
grain size in Mg alloy, such as AZ91. The microstructure of a rapid solidified Mg-
6%Al-3%Zn-3%Nd alloy was investigated by Kim et al (1997). The clusters of Al2Nd 
particles were present at the Mg grain boundaries. The work of Park et al (1994) on 
Mg-Nd-Al alloy indicated that after annealing at 400oC a stable phase Al2Nd could 
form. Some work (Lee et al, 1998; Park and Kim, 1995) has concluded that the grain 
refinement in Mg-Nd alloys is the formation of fine dispersoids such as Al2Nd, which 
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can hinder grain growth. In the present X-ray diffraction analysis, no Al2Nd could be 
detected. This may be due to the small amount of Al2Nd generated and the small 
phase size.  
 
3.3 Mechanical properties 
The yield strength and elongation estimated via the tensile test are shown in Table 1. 
Fig. 7 shows the typical stress-strain relationship for the samples of group A and 
group C. For the specimens with 0.5%Nd (group A), the yield stress of the unmilled 
and sintered at 400°C (A0-400) is 227 MPa, while these milled for 20 and 30 h show 
higher values of 276 and 296 MPa, respectively. There is also an increase of yield 
strength after 20 h milling for the specimens with 1.0% and 5.0% Nd (groups B and 
C). Further increase of milling time to 30 h leads to a drop of yield strength. It can 
also be seen from Table 1 that Nd has no effect on the yield strength for the specimens 
without milling. However, there is an apparent increase of yield strength with 
increasing Nd from 05% to 5.0%, especially for the specimens after 20 h milling. 
Based on the observation of the microstructure, the intrinsic reason for increase of 
yield strength after milling, especially in the specimens with high Nd content is fine 
grain size of Mg matrix and the formation of Nd rich precipitates after mechanical 
alloying. 
For the un-milled specimens with 0.5%Nd (A0-400), the value of ductility is 4.6% 
while the mechanically alloyed specimen (A20-400) exhibits significantly higher 
values of 10.8% after 20 h milling even though Mg has only three basal slip systems. 
This observation suggests that in addition to slip and twinning of Mg, other 
mechanisms such as grain boundary sliding may play an important role in plastic 
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deformation. Further milling to 30 h led to a decrease in the ductility. The elongation 
decreases with increasing Nd from 0.5% to 5% after mechanical milling. After 20 h 
milling, the elongation corresponding to the specimens with 0.5%Nd (A20-400), 
1.0%Nd (B20-400) and 5.0%Nd (C20-400) is 10.8%, 9.2% and 1.7%, respectively. 
Similar to the yield strength, elongation for the specimens without milling does not 
show much difference when Nd content is increased. Longer milling duration (30 h) 
resulted in a reduction of both yield strength and elongation, as shown in Table 1. 
This can be attributed to the possible contamination, such as oxygen and iron from the 
vial and the milling balls, which is considered as a general problem for a long time 
milling.  
As shown in Table 1, the specimens sintered at a higher temperature (500oC) 
exhibited a higher elongation at the cost of yield strength. On the other hand, for the 
specimens with 5% Nd (group C), the specimens experienced 500oC sintering have 
higher yield strength and elongation than those sintered at 400oC. This may be due to 
enhanced particle bonding at 500°C. In other words, high temperature sintering at 
500°C does not show the draw back in terms of strength and ductility for the 
specimens with high Nd content (5%). 
The fracture surfaces of the tensile specimens are shown in Fig. 8. Fig. 8 (a) shows the 
fracture surface of the specimen A0-500 (without milling). It is clear that the fracture 
surface is dominated by the dimples with different sizes that were formed by 
coalescence of microvoids. Also, there are many micro-cracks on the fracture surface. 
The fracture surface of the specimens after 20 h milling (A20-500) is different from 
the A0-500 specimen, as shown in Fig. 8 (b). Some small voids and facets can be 
observed. This is related the refinement of grain size after mechanical milling. 
Another feature is that the amount of the micro-crack is greatly reduced. This is 
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attributed to the high temperature sintering and the extrusion, which provided a 
stronger bonding between the particles.  
The results of the impact test are shown in Table 2. Except A30-500, there is an 
apparent reduction of impact energy for the samples after the milling. Several other 
investigations also demonstrated highly brittle behavior of nanocrystalline metals 
(Gutmanas et al, 1994; Jain and Christman, 1994; Hoffman and Birringer, 1996). In 
Fig. 7, it is clear that there is no work hardening for the samples after 20 or 30 h 
milling although considerable strengthening has been achieved. This indicates that 
plastic strain cannot be spread uniformly over a specimen under the external loading. 
Normally, with decreasing the grain size, dislocation slip and deformation twining are 
getting more difficult. Hahn and Padmanabhan (1997) showed that for a material with 
very fine grains, the deformation mechanism was dominated by grain boundary 
sliding. Grain boundary sliding is considered to take place along some preferential 
grain boundaries and the unsuitable boundaries can be accommodated via grain 
rotation. Normally, grain boundary sliding is a thermally activated process in which 
the boundary volume elements need to be moved. Obviously, this process is time 
dependent. This can explain why the ductility could be maintained or even improved 
for the samples with nano-sized grains after milling during the quasi-static tensile test 
(Table 1) but the impact toughness was greatly deteriorated (Table 2) as the loading 
period in the impact test was too short to allow the movement of elements at grain 
boundaries to be accomplished. The fracture surfaces of the impact specimens are 
shown in Fig. 9. In Fig. 9 (a), a rough surface is observed in the specimen without 
milling (A0-400), indicating a relatively high energy dissipation during the impact 
fracture. On the other hand, a very flat fracture surface is associated with the 
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specimen after milling, as shown in Fig. 9 (b). This is consistent with the lower 
impact energy for the specimens after milling.                                                                                              
 
4. Conclusions 
 
In this study, mechanical alloying was adopted to fabricate nanostructured Mg-Al-Nd 
alloys. The phase structures, microstructures and mechanical properties were also 
characterized. The results supported the following conclusions: 
1. Extra fine grain Mg-Al-Nd alloys were successfully fabricated using the 
mechanical alloying method. After 20~30 h mechanical milling, the grain size of 
the Mg-Al-Nd alloys could be reduced to below 100 nm. Higher temperature 
sintering at 500°C did not lead to dramatic grain growth. There was a reduction of 
grain size with increasing Nd content from 0.5 to 5%.  
2. Both yield strength and elongation were increased after 20 h mechanical milling 
for the alloys with 0.5~1.0% Nd. Increase of Nd to 5% resulted in a further 
increase of yield strength but a remarkable reduction of elongation. Longer 
milling duration (30 h) resulted in a reduction of both the yield strength and 
elongation. Higher elongation was associated with the specimens sintered at a 
higher temperature, i.e., 500oC 
3. No work hardening was observed in these nanostructured alloys. Also, the milled 
samples exhibited lower impact energy as compared to those without milling. 
There was an apparent reduction of micro-cracks on the fracture surfaces of the 
milled samples. Grain boundary sliding is considered to be one of the mechanisms 
of plastic deformation in these nanostructured alloys. 
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Captions of figures 
 
Fig. 1 Specimen for impact test. 
Fig. 2 XRD spectra of mechanically alloyed powders. 
Fig. 3 XRD spectra of extruded specimens. 
Fig. 4 Bright field TEM images for specimen C0-400. 
Fig. 5 Bright field TEM images for specimens: (a) A30-500, (b) B30-500, and (c) 
C30-500. 
Fig. 6 EDS analysis of second phase in specimen C30-500. 
Fig. 7 Stress-strain relationship for specimens: (a) 0.5%Nd sintered at 400oC, (b) 
0.5%Nd sintered at 500oC, (c) 5%Nd sintered at 400oC, and (d) 5%Nd sintered at 
500oC. 
Fig. 8 Typical fracture surface of tensile specimens: (a) A0-500, and (b) A20-500.  
Fig. 9 Typical fracture surface of impact specimens: (a) A0-400, and (b) A30-400.  
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] 
                    Table 1 Tensile properties of Mg-Al-Nd alloys 
 
Specimen 0.2%YS(MPa) 
zzz = 400°C 
0.2%YS(MPa) 
zzz = 500°C 
Elongation (%) 
zzz = 400°C 
Elongation (%) 
zzz = 500°C 
A0-zzz 227 216 4.6 4.9 
A20-zzz 276 223 10.8 17.4 
A30-zzz 297 217 2.2 5.8 
B0-zzz 212 208 3.9 5.1 
B20-zzz 351 331 9.2 5.6 
B30-zzz 346 225 3.6 12.3 
C0-zzz 190 211 2.7 3.3 
C20-zzz 422 436 1.7 2.6 
C30-zzz 271 333 1.6 5.9 
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   Table 2 Average impact energy of Mg-Al-Nd alloys 
Specimen Energy (J) 
zzz = 400°C 
Energy (J) 
zzz = 500°C 
A0-zzz 0.23 0.23 
A20-zzz 0.05 0.0465 
A30-zzz 0.054 0.55 
B0-zzz 0.192 0.35 
B20-zzz 0.0465 0.048 
B30-zzz 0.042 0.056 
C0-zzz 0.198 0.205 
C20-zzz 0.056 0.05 
C30-zzz 0.053 0.045 
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Fig. 1 Yan, Ye, Yan, Lu, Lai and Mai  
 
27
4 
3 
45°
R=0.11 
  18
 
 
 
 
 
 
(1
10
)In
te
ns
ity
   
(A
U
)
Diffraction angle   (2θ°)
30 40 50 60 70
(a) 20 h
(b) 30 h
MgNd
(1
11
)
(1
12
)
(2
00
)
(3
32
)
(4
22
)
(7
21
)
(3
30
)
Mg
Al12Mg17
Milled
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Yan, Ye, Yan, Lu, Lai and Mai 
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Fig. 3 Yan, Ye, Yan, Lu, Lai and Mai 
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Fig. 4 Yan, Ye, Yan, Lu, Lai and Mai 
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Fig. 5 Yan, Ye, Yan, Lu, Lai and Mai 
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Fig. 5 Yan, Ye, Yan, Lu, Lai and Mai 
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Fig. 6 Yan, Ye, Yan, Lu, Lai and Mai 
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Fig. 7 Yan, Ye, Yan, Lu, Lai and Mai 
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Fig. 7 Yan, Ye, Yan, Lu, Lai and Mai 
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Fig. 8 Yan, Ye, Yan, Lu, Lai and Mai 
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Fig. 9 Yan, Ye, Yan, Lu, Lai and Mai 
 
